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Abztract

In 1989 a2 DURIP grant for scientific equicment was awzarded
tce the Department of Physices of the Michigan Tezhnologica’
University with Professor $. A. Marshall to be zrincipal
investigator. This grant, in the amount of $1:3,000, was
administered through the Qffice of Naval Researzh with Dr.
Gabriel Roy the grant monitor. ltes purpose wasz to modernize and
up grade scienfﬁfic equipment use& by research oriented
universities having DoD conrtracts. In additic~, the funds for
this grant were to be used to further the =zffc-ts of the C<fHice
cf Naval Research contract No. N00014-89-J-18¢2 dssued b. the
The purpose of this contract was to establish z noninvasive
experimental methodology for determining, (a) ceo2nsity, (b)
velocity, and (c) vorticity of a flowing mediu~ using the methods
of electron paramagnhetic resonance imaging. Tc develop this

methodology, specialized ec.:ipment was purchassd for the purpose

of constructing a pulsed c~ time domain e'ectrz- paramagne-ic

i
~esonance spectrometer. Su-h a spectrometer < now in partial co
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operation and work has begun on an up dated ve-sior. A tot2]l of p
$144,523 ras teen expended on equipment fc- th =z spectromeser and
its associated <ignal processing eqguipment. T~z excess $£.533

cupplied was made up by furds taken from the C*fice of Naval
Research contract No. N000'4-89-J-1966.
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The purpose of this research effort is to establish a
me+-hodology for determining certain dynamical parameters of a
ccmpressible fluid in motion. It is supported -y the Office of
Naval Research under contract No. N00014-8%8-J-1S56. These
dynamical flow parameters are: (a) density, (b) velocity, and (c)
verticity. It i intended that these three parameters be
determined at sutfficient number of fluid volume cells, voxels, to
rrovide useful information on flow dynamics. These voxels are to

e taken at points in planes perpendicular to the flow axis,

it

cmes, with the tomes distributed contiguously a2long the flow
Z<rection. The widths of the tomes are to be cdetermined by
demands on the grain details of the flow characteristics.

At the present, one result of our experimerts on the imaging
of molecular oxygen under static fluid conditicns is that a high
2cvality image of gaseous molecular oxygen havirng a slice
rricknese of C.1 millimerer or 100 micrometzsrs zan bz ghtained.
“-~wever the cost in date accumulation time and computer image
data processing time is of the order of eight o~ so hours, which
<z conziderabhle. If image qualit, and celivlar resclution
requiremenrts are relaxed we egtimate that tome thick-ess -
resolutions of the order of 1.0 millimeter can be achieved in a
matter of a few hours. It should be mentioned that these
—=eliminary results on spatial resoluticon and czta eazcumu’ia*ton
time ectimates are based upon our former use of frecuency aomainr
cszeoctroscopy or CW spectroscopy.

The matter of spatial resolution is based upon the quality
c* gradient magnetic field coil design and coi® performance. As
c* this report, our gradient magnetic field coiis were designed
for our former frequency domain spectrometer. More sophisticated

gradient magnetic field coils are in the process of being

designed and constructed. These new or smart coils would be used




2"ong with cur new time domain spectrometer. S~art gradient
~zgnetic tield coils are designed to produce kizhly cniform
gradient magnetic fields over a significant region cf the
zonecimen volume and close to zero magnetic field over the came
volume, that is, in much the same manner as a Helmholz coil do
ot with greater efficiency.

Frequency domain <spectroscopy generally reauires data
zzccumulation times of the order of several minutes for each back
projection and as many as 18C to 360 back projections for per
~ome. Typically, our most efficient data taking procedures have
czken as long as eight hours per tome with azimuthal angle
“~crements of one to two degrees of arc. The principal
r=xtleneck in this process of data accumulatiorn i (a) that of
~eorierting the magnetic field direction so as o provide
azimuthal angle increments and (b) that of scenning through theo
“~equency cr magnetic field domein of a resonance absorption
“ine.

Many c* these difficulties can be avoided through the use cof
~“‘me domain zpectroscopy. Using this technique, spectral data
c.n be otta‘ned trom either the Free Inductiorn Jecay signal, rflu,
c~ from the electron spin echo signal of ar eleztro~ spin system.
“here i %11 2 more compelling reasorn for goirg over o time
zomain s€pect-oscopy and thereby abandoning frecuency domain
csoectroscopy. The reascon is that the ultimate goal cof this-
sroject is to establish a methodology for determinirmrg flow
narameters, these being, density, velocity, and vorticity
Crequency ~Imain spectroscory Tz basically c.C. T
~easuremert which necessarily means that *me decenter+ ohenmomens
z2re averaged out to yield time averages. Lz @ conseguence
2lthough * .id dencsity can be determined, reither the velocity
~ar vorticity can be determined by this technicgu=. However
~hese twc “etter flow parameters can in principle be determined
by electron spin echo spectroscopy. The d-cails of how velocity
and vorticity can be determined for a fluid im motion have been

developed in a previous report submitted to O.N.R. contract




N-. NOO014-89-0-1966

Figure 1 is a schematic diagram of the electron zpin echo
spectrometer. The figure does not include a diagram of the
sradient magnetic field coils required for the production of tome
images nor of the pulsed gradient field coils required to develop
c-adient magnetic fields required for determining flow field
velocities and vcrticities.

A replica of an electron spin echo taken at 77 K of the EPR
signal generated by the free radical molecule ion 0033- produced
i~ gamma-irradiated single crystal calcium carbonate is presented
ir Figure 2a. This system was chosen because of the ease of
p~oducing the free induction decay signal as well as the electron
coin echo signal. At this temperature, the COaa_ molecule dion
rzs a resonance absorption line width which is of the order of
'S milligauss, its frequency equivalent being 45 kilo-Hertz.
Figure 2a is a photograph of the electron spin echo signal taken
f~om a digital oscilloscope. It provides a record of most of the
remporal parameters used to produce the echo signal. In
T<gure 2b, the =signal information captured by the digitizer is
~~ansferred to 3 desk-top computer. A graphics program then
z~oduces an x-y tracing of the signal captured by the digital
cscilloscope.

Further work on the time domain electron spin echo
soectrometer is currently in progress and will continue along the
“nes of producing a2 more flexible and versatile spectrometer
tailored to the task of magnetic resonance imaging and capturing
<~age information required to produce such three dimensional flow
information as fluid density, and such stream distribution
<~ formatior as velocity and vorticity.

The principal investigator of this contract is deeply
grateful to the Department of Oefense and the Office of Naval
Research for making this DURIP equipment grant possible. In
particular, special thanks are directed to Dr. Gabriel Roy of the
Cffice of Naval Research for having demonstrated confidence in

the overall mission of the project and by complementing the




c-oject’'s equipment a lowance with this grant.

Further development 1involving the use of equipmert procured
by this DURIP grant for the purpose of establishing a noninvasive
methodology for producing density, velocity, and vort-city
information on the stream field of a fluid will be presented in a
f.ture progress report to be delivered to the Office of Naval
Research for the parent O.N.R.contract No. N00014-89-'-1966

On the following pages an account is given of the
expenditures committed to this O.N.R. contract by the DURIP

“unds.
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Appendyx

DoD DURIP Grant

No.N00014-89-U-1326, (MTU 8 881120)
~2te Company Name & Address Description Cos+*

4/0° /89 MTU Bookstore IBM Proprinte~ X2¢ $ 508 .00
7/02’89 Coaxial Connectors, Inc. SMA plugs & _jacks

89 Hamcock Street plus a T adapter

Braintree, MA (02184 617-849-3212 $ 942 .02
1/02/88 Pasternack Enterprises Cable, SMA male &

PO Box 10759 female type

Irvine, CA 92714 (7123X261-1820 $ 84> €D
7/02/89 ARRA, 15 Harold Court X-band microwave

Bay Shore, NY 11706 phase shifter $ 38C0.0°7
7/02782 Waveline Co. Vane-Attenuator

Box 71¢ (8-12.4 GHz) $ 2,500.00

W. Caldwell, NJ 07006 Waveguide-coax adepter $ 370.00
7/02/88 Pasternack Enterprises Coax 59 ohms RG 142

P.O.Bex 10759 Series 6", 12", 1¢&"

Irvine, CA 92714 (8 ea), 24", 26" (2 ea) $ 642.00
2/0>729 Comlinea~ Corp CLC-"00 Tinmea- am-lifier

4800 Wheaton Drive range plius SMA-Fe-z2le

Fort Colldine, CO 80525 input/output connectores $ 722.00
2/02/838 Tektronix, Inc. Oscilloscope, dig<ral $15,500.00

466C Churchill Street Ampiifier, DC~-1 Gr $ 2,850 00

St. Paul, MM 8551286 - Amplifier, OC-600 MYz $ 2.552.07

616~484-8571 iff Comp, DC-150 ™H>z $ 2,200.00

(Education Contribution IBM utility for GPIB $ 470.0¢0

from Tek. - ¢ 4,795.00) Date transfer cont~oller $ 300.00
J/02/89 Davilyn Corp. Tube=s (1%)

13406 Stadicny St. 1-800~-2235-6222

N. Hollvwood, CA 91605 K} 145 .00
1/02/89 Polytron Devices, Inc. Power supply socke=s (4)

P.O.Bo~ 398 Encapsulated nower S (4)

Patterson, NJ 07544 201'-345-5885 $ 16°.0¢C
3/CL/29 Midisco Termination, 50 ohm (SMA)

61 Mall Dr-<ve Circulators (SMAY (10)

Commack, NY 1172¢ Directional Couplers (SMA)

1-800-637-4353 0.C. Block (SMA) $ 4,122.00




1/0¢ €& Image Procescing Sco*tware Prentwriter Vers<or 27
6408 Anpalachian Way 608-233-5022
P.Q.Box 501F

nopo

Madicon, Wl 53705 3 RN
8/0c /8¢ Vecktronics Phase Shifter (1)

113 Lincoln Blvd. plus all connectors

Middlesex, NJ 08846 201-356-2377 $ 1,500.
8/0% /290 Commercial Systems Curtis Computer Tool Kit

Houghton, M! 49931 806-482-3990 ¢ 23
5/0¢c /g9 Central Scientific Co. CGauss meter, Hall effect

11222 Melrose Ave. 1-800-262-362¢

Franklin Park, TL 60131 $ 514,
1/0€/89 Edlie Electronics Silver print (3)

2700 Hempstead Turnpike 1-800-645-4722

Livitown, NY 11756 $ 6o . ¢
S/07 /69 Wathins Johrson Co X-band low neoise

3332 Hillview Ave. traveling waves tube

Stanford Industrial Park amplifier

Palo Alto, CA 294304 415-492-4141 ext 2391 $ 7,145,
5/0z2/89 Kenosha Computer Center Inte]l math cecorctecsor

22323 91st Street 1-800-255-2989

Kenosha, Wl 52140 $ 231.
€/C 29 Horstmann Scttwe-~z2 Corp. ChiWr-~o-

140 E. San Carlos,

San Jose, C& 95180 $ 124 T
5/C0:7'5% Digi Key Co-zo. Paralis! connectcer

701 Brookes Ave., S.Eox 677 male & female (3 ea) -~

Theif Rvr Fa'ls, MN 567071 $ 371 ¢z
7/0¢729 Commercial Systems Printe~ ribbon (5)

Houghton, MI 499231 906-482-3990 $ 32
/0 <9 Compueos Diztr“rgtors Croavizl carie ¢ ACES

Midwes® Inc. Cos>» cormnector (50 $ :2

2720 . Dez Tladirne: Ave [T A e Yo SLEE R B ¢ 2z

Des Plains, . 60018 Cable trie to2) (1) $ 209

1-800-245-0522 Torgue wrench (1) $ TE
1/C2720 Willdiam A. Sales Corp. H-cel?

419 Harvester Court 706-54*-1300

wWheeling, 1. 60090C ¢ 800 .7
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Nowark Flectronicns
‘BTE Viewpord SF

Grand Rapids, MI 4950¢
Davilyn Corp.

13406 Saticot Street
N. Hol'vwood, CA 91605
Tektronix, Inc.

P .O.Eox 480C

Mail Stop 94-86C
Beaverton, 0OR 987076
Varian Associatecs

811 Hansen Way,

Paleo Altc, CA 94303

Microwave Acsociatecs
South Ave.
Rur'ingtor, MA 018032

Starford Resea-ch Svctom:

12800 Reamwood Ave .
Sunnyvale, CA 94086
Johnson Matthey, Inc.
AESAR Grourp

892 tLafave.te Rd. PRcox 50
Seabrook. NI 02274
Wavamelb  levl megme tone
Rockland Systensz

9045 EBalbo=z Ave .

San Dieqgqo. TA Q2122
National [nztruments
12109 Technciogy Rd.
Austinm, Tx 78727

EG&G Princeton Research

pP.O.Bor 25F%

Drdmcet - A A A e
M7 Eonizto--

Houagtr tor M 49Q72
EG&G Frincetor kesearc
P.O.Ecvy 25€E%
Princeton, NJ 0854°:
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Misc parts

Instrument ca~t fo-
ocsci ) loscope

Camera for oscilicscope
F<im (3)

Magnetic sencor
(fieldial Hall effect)
1-800-382-7242¢€

DEM mixer
617~

(coax)
275-3000

Time interwv
SP620/07

Oven timebaze

(1
[}
3
+
0]
]

for above

Zinc selenicde
T-80C-24232-1¢30

nEalN e
L.C. display (2 ea)
nte~faze +*o- 1BV PSD

Model 80 (2

2 chennel ACC mode)
1-8N0-4871-8¢8¢

TRAN Mame T E S

LEM Lacer roTnter .

MOd97 113 Ceo-an.- 71

2 =

- =}
Model 47°21R npoxcar
average~ (I

(250 grams)

4161A

P in h

46

TS

R

A

~

(]

w

110

n

i>
I o
ro oty

)
§s]
~2

784 .

B¢}
io]
-

e
1}

)
'

[gn)
2

.02




I

04" ST

08/1( /90

11/17 760

1600

w
D

N

s}

£

5/ /890

Lemos LISA, Tnno

T Toegcont (im0 e

[ I 11208

Santa Rose. CA 954060

Stantord Research Systems
12000 Reamwood Ave,

Sunnyvale, CA 84089

Wavetek Ccrp.
P.0O.Box 85434

zn Diegec. CA G£7089

\

N
3
¥

D

3
rt
2

C..
BEeav

Procomp Computer

7w

Trov,

Map
MI
- "1 ?

(SN AT

- M

Inc.

Sentord Ave.

)

NY 113570

pd

-

— {2

w

[S I o

ro <
T

Irz
SN
, OR 97076 -
Frod.

=

48084
TEAL

;_.-‘[_,,V.‘;..;k_.
- Roso:
07470

T

SO chme (200

ENT female-- -

adepter (1C

Computer int
Gated integr

averager (1)
Detector, ==~
lorkin w/pre
4 channel -
/pulse gener

Generator, ¥
50 MHz, proc
pulse

Time
w/oven timek:
acgu. & ctr’

Arplifier, ra

10W107 ¢

mcde ]
1 pulse pows

Power supply
voltage stat
intertace tc¢

100 M=z

instument

HP plotter ¢
model 7474A
model 7475A
wo cahbhliec.
HTo17ooes

(72 Qe

NIV BRI v
NIM powe~ =
ag/d gere

aain &~

~

Voar .

interve’

2~face (1)
ztor &

cnal phase

2mp. (1)
ita) disg.
artor {(2)

~del 8.9
~rammabile

counter
data
proo.

235e,

current &
“ldizer (2)
- above (2)

—~ o emgv g * ~

“lizer (O

-~ above (1)

—analogne

el G ey

=ce 195%)

optior-12

A

)]
oy

RS I 4
3

LB}
)

+.
ey
]

3

A

“Aoh

o)

B R

ro

ro

N

N o

-

a0
,508 . 14
,99¢8 ¢
ooe . 04
ga4c  cn
LE50.00
,450.00
c00. 00
,700 .0

329 .07
L13E6.00

,‘
R
9

o
9]
o
]
—

.48 7%
,045 7€
crz 0
N
sar o




